INTRODUCTION

Identification of candidate genes involved in trans-chrysanthemic acid biosynthesis
. respectively (Teoh et al., 2009) . No prediction of organelle targeting was obtained for the 179 inferred TcADH1, TcADH2, and TcALDH1 protein sequences using the TargetP 1.1 Server
180
(http://www.cbs.dtu.dk/services/TargetP/) and WoLF PSORT (https://wolfpsort.hgc.jp/) 181 programs (Nakai and Horton, 1999; Emanuelsson et al., 2007) . Based on results of the co-expression and phylogenetic analyses that identified TcADH1 186 and TcADH2 as candidates for the conversion of trans-chrysanthemol to trans-chrysanthemal, 187 we tested their activities in vitro. TcADH1 and TcADH2 proteins with fused N-terminal HIS 6 tag 188 were expressed in Escherichia coli and purified. To obtain the trans-chrysanthemol substrate ̶ 189 which is not commercially available ̶ for the enzymatic assays, we used recombinant TcCDS to 190 convert DMAPP to CDP, which was subsequently hydrolyzed by the addition of commercial 191 alkaline phosphatase to give trans-chrysanthemol ( Figure 5A ). As previously reported (Rivera et 192 al., 2001; Yang et al., 2014) , the CDS-catalyzed reaction also produces small amounts of 13 production by CDS for up to 24 h ( Figure 5A ). TcADH2 and TcALDH1 led to production of trans-chrysanthemic acid ( Figure 5C ). including the transit peptide that was shown to direct the protein to the plastids (Yang et al., 233 2014). Transformed leaves were harvested 10 days after infiltration and the products were 
242
In addition to trans-chrysanthemic acid and its precursors, additional volatile derivatives 243 of these metabolites were identified. A peak with a mass fragmentation spectrum (MS) similar to 244 trans-chrysanthemol (Supplemental Figure S1C) with glycosidase, Unknown 1 was no longer observed (Supplemental Figure S2A ). When the 250 same extract was treated with NaOH, there were no changes in Unknown 1 and trans-251 chrysanthemol (Supplemental Figure S2B ).
252
In leaves expressing both TcCDS and TcADH2, "Unknown 1" concentration was reduced
253
by 30-fold. In addition, a new compound judged to be related to trans-chrysanthemic acid by its
254
MS and designated as "Unknown 2" was detected with an RT of 15.49 ( Figure 6 ; Supplemental 255 Figure S1D ). In leaves expressing TcCDS, TcADH2 and TcALDH1, the levels of "Unknown 2" 256 increased 7-fold over those observed in leaves expressing TcCDS and TcADH2 without 
15
TcALDH1. In addition, the leaves expressing all three genes had a new trans-chrysanthemic either glycosidase or NaOH (Supplemental Figure S3A, Figure 7B ). The mass spectrum-mass spectrum (MS/MS) of 268 this metabolite ( Figure 7E ) was identical to that of a compound produced in N. tabacum 269 expressing TcCDS (Yang et al., 2014) monoterpene acid glucoside, geranyl-6-O-malonyl-β-D-glucopyranoside (Yang et al., 2011) .
273
Based on this similarity, the m/z 831.3328 compound is putatively identified as the dimer ion on the inside, with small petals).
305
The transcriptomic profiling data (assembled transcripts and the number of reads from 306 each transcript) were used to perform co-expression cluster analysis (Eisen et al., 1998) final pyrethrin product (Kikuta et al., 2012) . Both genes were shown to have peak transcript 311 levels at the earliest developmental stage (stage 2) that could be examined (Ramirez et al., 2012) .
312
This analysis identified TcADH1, TcADH2, and TcALDH1 as the strongest candidate enzymes Table 1 ). However, the transcript levels we measured for all five 317 gene do not show a steep decline in later stages of floral development as was reported previously
318
for TcCDs and TcGLIP (Ramirez et al., 2012) , although the discrepancy may be due to 319 differences in the delineation of developmental stages and consequent differences in the actual 320 ages of the materials examined. residues at the C-terminus for expression in E. coli. The purification of recombinant proteins 513 were performed as described previously (Xu et al., 2013 The enzymatic assay for TcCDS broadly followed the protocol described by Rivera et al. alcohols. The assays were incubated at 30°C for 10 min, after which reaction products were 537 extracted with 100 µL MTBE. The MTBE extract was analyzed by GC-MS for product and 538 remaining substrate.
539
To determine the kinetic parameters of TcADH2, a similar protocol was followed. Agrobacterium tumefaciens strain GV3101 infiltration (agro-infiltration) was performed 
584
To analyze the compounds produced in the leaves, the harvested plant materials were flash-585 frozen and ground into a fine power in liquid nitrogen. Three grams of powder was extracted 586 with 4 ml MTBE. The extracts were briefly vortexed for 3 min at maximum speed and then 587 incubated at room temperature with shaking at 50 rpm for 3 h, followed by centrifugation for 15 588 min at 8000 g. The MTBE layer was transferred to a fresh vial, dehydrated using anhydrous Each MTBE extract (4 mL) was evaporated by BUCHI Rotavapor and dissolved in 0.5 604 ml of 70% acetonitrile/30% water for analysis using a Waters Xevo G2-XS Q-Tof mass 605 spectrometer interfaced with a Waters Acquity binary solvent manager and 2777c autosampler.
606
Samples (5 µL each) were injected onto an Acquity BEH C18 UPLC column (2.1 x 100 mm, 1.7 607 μm particle size; Waters Corp) at 40°C. Initial conditions were 0.3 ml/min of 99% solvent A
608
(water + 0.1% formic acid) and 1% solvent B (acetonitrile purchased from Sigma) at 37°C for 1.5 hour, and then extracted and analyzed as described above.
633
GC-MS analysis was used to measure volatile compounds as described above. LC-MS analysis 634 was performed to check for disappearance of the non-volatile trans-chrysanthemic acid 635 conjugates also as described above. 
29
The sequence data used in this study can be obtained from NCBI with the following The following supplemental materials are available. m/z =123 was monitored, and for the internal control tetradecane, m/z =198 was monitored.
739
Peaks related to trans-chrysanthemol, trans-chrysanthemic acid and internal standard are labeled. expressing a specific construct that showed the highest levels (average of three biological 746 replicates) was set at 100%.
747
The data in B-F represent mean ± SD from triplicate biological replicates. N.D. -not detected. 
